The hormonal action of jasmonate in plants is controlled by the precise balance between its biosynthesis and inactivation. The oxidation of jasmonoyl-L-isoleucine at the C-12 position, which is catalyzed by cytochrome P450s CYP94B3 and CYP94C1, is thought to be one of main inactivation pathways. In this study, we elucidated an additional function of CYP94B3 and investigated additional jasmonoyl-L-isoleucine metabolites. We found that CYP94B3 also catalyzes the hydroxylation of jasmonoyl-L-valine and jasmonoyl-L-phenylalanine, and these hydroxyl compounds accumulated after wounding and possessed lower activity than non-hydroxylated compounds. Additionally, 12-O-β-glucopyranosyl-jasmonoyl-L-isoleucine accumulated after wounding, suggesting that it is a metabolite of jasmonoyl-L-isoleucine.
. Although JA-Ile (1) is the main amino acid conjugate in plant, the other conjugated forms of JA such as alanine (Ala), glutamine (Gln), leucine (Leu), valine (Val), phenylalanine (Phe), and threonine (Thr) have also been identified in wounded plants (Koo et al., 2009; Staswick and Tiryaki, 2004) . The ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) conjugated to JA has been also found in plant tissue (Staswick and Tiryaki, 2004) . While JAR1 has activity to produce several amino acids and ACC conjugates as described above, it has not completely clarified how these compounds were synthesized in plant. JA-Phe (3) and JA-ACC contents in jar1 mutant suggest that at least one additional JA conjugating enzyme is present in Arabidopsis (Staswick and Tiryaki, 2004) . JA-Val (2) also induces the interaction between COI1 and JAZ, like JA-Ile (1) does (Katsir et al., 2008) . JA-tryptophan conjugate (JA-Trp) was reported to cause agravitropic root growth in seedlings with COI1 independent manner (Staswick, 2009 ).
JA-Ile (1) has also been suggested to be a mobile signal from wounded leaves to other leaves (Matsuura et al., 2012; Sato et al., 2011) .
The concentration of JA-Ile (1) is controlled by the precise balance between its biosynthesis and inactivation. There is detailed knowledge about nearly all genes that encode the core set of JA-Ile (1) biosynthetic enzymes, but the genetic basis of JA-Ile (1) inactivation is still a largely unexplored area. Recent studies have revealed that oxidation at the C-12 position of JA-Ile (1) by two cytochrome P450s, CYP94B3 and CYP94C1, plays an important role in jasmonate inactivation (Heitz et al., 2012; Kitaoka et al., 2011; Koo et al., 2011) . CYP94B3 efficiently performs the initial hydroxylation of JA-Ile (1) to yield 12-OH-JA-Ile (4, Fig. 1 ), and CYP94C1 preferentially catalyzes the formation of the carboxy-derivative, 12-COOH-JA-Ile (7, Fig. 1 ). 12-OH-JA-Ile (4) is less active in promoting the COI1-JAZ interaction, and the A. thaliana cyp94b3 mutant exhibits enhanced 6 expression of wound-responsive genes. It has also been reported that cyp94b3 mutants are more susceptible to a virulent strain of Pseudomonas syringae, which may reflect the fact that increased signaling through the JA-Ile (1) receptor compromises host resistance to this pathogen by suppressing the salicylate-mediated branch of immunity (Hwang and Hwang, 2010) . In addition to the oxidation at the C-12 position, the hydrolysis of Ile also contributes to the JA-Ile (1) inactivation pathway (Woldemariam et al., 2012) .
12-OH-JA and its derivatives, such as 12-O-β-glucopyranosyl-JA, and 12-O-sulfonyl-JA, had been identified as jasmonate metabolites before the role of 12-OH-JA-Ile (4) was elucidated (Gidda et al., 2003; Koda and Okazawa 1988; Yoshihara et al., 1989) . Both 12-OH-JA and 12-O-β-glucopyranosyl-JA were isolated as tuber-inducing factors from the leaves of potato plants (Solanum tuberosum L.) (Koda and Okazawa 1988; Yoshihara et al., 1989) . Previous studies suggest that the presence of 12-OH-JA and its derivatives is common in higher plants (Miersch et al., 2008; Seto et al., 2009 ). Miersch et al.
reported that 12-OH-JA contributes to the down-regulation of the JA-mediated signaling pathway to suppress JA biosynthetic genes, such as LOX, AOS, and OPR, that can be induced by JA (Miersch et al., 2008) .
In this study, it was demonstrated that CYP94B3 could hydroxylate not only JA-Ile
(1) but also JA-Val (2) and JA-Phe (3). This finding led us examine the biological properties of JA-Val (2), JA-Phe (3), 12-OH-JA-Val (5), and 12-OH-JA-Phe (6) to provide further information on the JA deactivation pathway. Additionally, we identified 12-COOH-JA-Ile The substrate specificity of CYP94B3 was evaluated using JA-Ile, JA-Leu, JA-Val, JA-Phe, JA-Gly, JA-Ala, JA-Trp, and JA-ACC conjugates, which have been reported in the wounded plant (Koo et al., 2009; Staswick and Tiryaki, 2004 were cultured, and 5 days later the expected products in the medium were detected by UHPLC TOF MS. When the transformants expressing AtCYP94B3 were cultured in the presence of JA-Val (2) or JA-Phe (3), the expected hydroxylated products were detected (Table 1 ). The expected products could not be detected after these compounds were fed to transformats without CYP94B3 and after JA-Gly, JA-Ala, JA-Trp, and JA-ACC were fed.
These results suggest that CYP94B3 can hydroxylate not only JA-Ile (1) but also JA-Val (2) and JA-Phe (3). (6), and the corresponding deuterium-labeled compounds were synthesized according to a previously reported method (Kitaoka et al., 2011) . Significant peaks contributed to the introduced valine or phenylalanine were observed in 1 H-NMR and 13 C-NMR. In addition to 12-OH-JA-Ile (4), 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) accumulated after wounding (Fig. 2) . The 12-OH-JA-Ile (4), 12-OH-JA-Val (5), and 12-OH-JA-Phe (6) contents at 6 h after wounding in wild-type plants were 9800 pmol/g fresh weight, 690 pmol/g fresh weight, and 78 pmol/g fresh weight, respectively. The accumulated 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) levels in wild-type plants were higher than those in mutant plants. Those results supported the hypothesis that CYP94B3
has activity against JA-Val (2) and JA-Phe (3) in plants ( Table 1) . As observed in A. thaliana, 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) accumulated in N. tabacum and G. max (Table 2) . (5) and 12-OH-JA-Phe (6) Previous studies have demonstrated that JA-Val (2) and JA-Phe (3) can be induced by wounding (Koo et al., 2009 ) and that JA-Val (2) has almost same activity as JA-Ile (1) in the stimulation of the interaction between COI1 and JAZ (Katsir et al., 2008) . We hypothesized that CYP94B3 played a key role in the inactivation of JA-Val (2) and JA-Phe (3), and evaluated these biological activities in A. thaliana using a root inhibition test, which has been reported to be occurred with COI1 dependent (Fonseca et al., 2009 ). The roots of plants that were grown in medium containing JA-Val (2) and JA-Phe (3) were shorter than the roots of control plants, even though the activities of these compounds were lower than that of JA-Ile (1) (Fig. 3) . The 12-OH-JA-Val (5) activity was significantly lower than that of JA-Val (2), and the average root length of 12-OH-JA-Phe (6) was longer than that of JA-Phe (3) although there was no significant difference between JA-Phe (3) and 12-OH-JA-Phe (6).
Biological activities of 12-OH-JA-Val
We hypothesized that hydroxylation at the C-12 position is a common mechanism to deactivate JA amino conjugates. But a doubt might remain because we used (+)-JA amino acid conjugates and (±)-12-OH-JA amino acid conjugates in this study. One previous report showed that (+)-JA-Ile had stronger activity than (-)-JA-Ile (Fonseca et al., 2009) , and this suggests that (±)-12-OH-JA amino acid conjugates gave less effect than (+)-12-OH-JA amino acid conjugates. The other possible reason of lower activity of 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) than JA-Val (2) and JA-Phe (3) might be derived from this points.
2.4.
Chemical synthesis of the 12-COOH-JA-Ile (7) and 12-O-β-glucopyranosyl-JA-Ile (8) standards
The level of activity of 12-OH-JA-Ile (4) was lower than that of JA-Ile (1). However, 12-OH-JA-Ile (4) retained biological activity similar to that of JA-Ile (1) ( Fig. 3 ; Koo et al., 2011) , suggesting the importance of further metabolism. We chose 12-O-β-glucopyranosyl-JA-Ile (7) and 12-COOH-JA-Ile (8) as candidates for the main metabolites, and we determined the contents of these compounds after wounding. Although the existence of 12-COOH-JA-Ile (7) has been already reported (Glauser et al., 2008; Heitz et al., 2012) , in this study, its exact content was determined using a synthetic internal standard. We prepared 12-COOH-JA-Ile (7) Additional peak around 170 ppm was observed in 13 C-NMR spectrum of these synthesized compounds although there was no peak contributed to methylene next to hydroxyl group in 1 H-NMR, suggesting oxidizing to carboxy group at C12 position.
12-O-β-Glucopyranosyl-JA-Ile (8) was synthesized from 12-OH-JA-Ile (4) using the following procedures (Scheme 2). 12-OH-JA-Ile (4) was methylated with diazomethane.
The resulting compound 12, was coupled with α-D-tetraacetylglucopyranosyl bromide (13) using the Koenigs-Knorr reaction. Finally, the acetyl group and the methyl ester were successively deprotected using sodium methoxide and sodium hydroxide to give 12-O-β-glucopyranosyl-JA-Ile (8). The structure of 12-O-β-glucopyranosyl-JA-Ile (8) The accumulation of 12-COOH-JA-Ile (7) and 12-O-β-glucopyranosyl-JA-Ile (8) in A. thaliana (wild type and cyp94b3 mutant), N. tabacum, and G. max was analyzed using same methods as for 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) ( Fig. 4 ; Table 2 ).
12-COOH-JA-Ile (7) and 12-O-β-glucopyranosyl-JA-Ile (8) accumulated after wounding.
The contents of 12-OH-JA-Ile (4), 12-COOH-JA-Ile (7), and 12-O-β-glucopyranosyl-JA-Ile (8) in wild-type A. thaliana were, respectively, 9813 pmol/g fresh weight, 1800 pmol/g fresh weight, and 11 pmol/g fresh weight at 6 h after wounding. Previous studies indicate that more JA-Ile (1) accumulates in cyp94b3 mutant plants than in wild-type plants, whereas there is no significant difference between cyp94c1 mutant and wild-type plants (Heitz et al., 2012; Kitaoka et al., 2011; Koo et al., 2011) . 12-COOH-JA-Ile (7) profile in cyp94b3 mutant was different from previous paper by Heitz et al. (Heitz et al., 2012) . In their paper, the content of 12-COOH-JA-Ile (7) in cyp94b3 was less than that in wild type. It might be come from difference of the growth condition, the plant age or mechanical wounding method. As observed in A. thaliana, 12-COOH-JA-Ile (7) and 12-O-β-glucopyranosyl-JA-Ile (8) accumulated in N. tabacum and G. max (Table 2) .
However, the accumulation of 12-O-β-glucopyranosyl-JA-Ile (8) 
Conclusion
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Previous studies have demonstrated that the oxidation of JA-Ile (1) to 12-OH-JA-Ile (4) and 12-COOH-JA-Ile (7) by CYP94B3 and CYP94C1 plays a crucial role in jasmonate inactivation (Heitz et al., 2012; Kitaoka et al., 2011; Koo et al., 2011) . In this study, it was found that CYP94B3 also hydroxylates JA-Val (2) and JA-Phe (3). 12-OH-JA-Val (5) and 12-OH-JA-Phe (6) accumulated after wounding, and the A. thaliana root inhibition activities of these compounds were lower than those of the unhydroxylated compounds. In addition, 12-OH-JA-Ile (4) was further metabolized to other compounds, such as 12-O-β-glucopyranosyl-JA-Ile (8). However, the contents of these compounds were lower than that of 12-OH-JA-Ile (4). The result indicates that there exists a 12-OH-JA-Ile deactivation mechanism other than the one we hypothesized in this study. Chemical). Ultra high-performance liquid chromatography (UHPLC) was performed using an ACQUITY TM UHPLC TM system (Waters) equipped with a binary solvent delivery manager and a sample manager. MS/MS was subsequently performed using a Micromass Quattro Premier tandem quadruple MS system (Waters). TOF MS was subsequently performed using an LCT-Premier time of flight mass spectrometer (Waters). The UHPLC/MS system was controlled using MassLynx 4.0 (Waters). 1 H and 13 C NMR spectra were recorded on a Bruker AM-500 FT-NMR.
Plants and microorganisms
Plant seeds (A. thaliana, G. max, and N. tabacum) were planted in Jiffy-7 (φ 42 mm) pots that had absorbed 50 mL of water, and the seedlings were grown in a growth chamber. The temperature and moisture of the chamber were set to 25 °C and 60%, respectively, and the day-length conditions were dark for 10 h and light for 14 h. Water was provided once per day. Excess plants were removed in the interim such that there was only one plant per pot. 5, 172.4, 172.4, 128.9, 128.5, 61.9, 54.0, 41.6, 38.9, 38.0, 30.8, 27.3, 25.6, 19.3, 18. 
Chemical synthesis of 12-COOH-JA-Ile (7)
Jones reagent (4 mL) was added to a stirred solution of 12-OH-JA-Ile (4, 87 mg, 0.26 mmol) in acetone (4 mL) at 4 °C. After stirring for 30 min at 4 °C, the reaction was quenched with propan-2-ol (5 mL). The reaction mixture was diluted with H 2 O (50 mL) and extracted with ethyl acetate (50 mL x 3). The organic layer was dried over Na 2 SO 4 and concentrated in vacuo. The residue was purified by silica gel column chromatography (CC) (Si-60N 20 g, CHCl 3 :MeOH:AcOH = 90:10:0.1) to yield 12-COOH-JA-Ile (7, 13 mg, 0.04 mmol, 14% H-4'), 0.92 (3H, t, J = 7.3 Hz, H-6').
13 C-NMR (125 MHz, CDCl 3 ) δ: 220. 2, 174.3, 173.6, 173.0, 129.0, 123.3, 56.9, 53.9, 39.9, 38.4, 37.1, 36.8, 32.3, 26.6, 25.0, 24.9, 14.7, 10. 
Preparation of leaf samples for UHPLC MS/MS and TOF MS analysis
Fully expanded young leaves (ca. 100 mg) of the plants were nipped with tweezers. The damaged leaves were harvested after the indicated times. , and a portion of the mixture (5 µL) was subjected to UHPLC MS/MS. The UHPLC condition were as previously described (Sato et al., 2009 Fully expanded young leaves of 5-week-old A. thaliana seedlings were mechanically damaged. The damaged leaves were harvested at the indicated times.
The wound-induced accumulation of 12-OH-JA-Ile (4), 12-COOH-JA-Ile (7), and 
